Abstract. The thermal thickness of Precambrian lithosphere is modeled and compared with estimates from seismic tomography and xenolith data. We use the steady state thermal conductivity equation with the same geothermal constraints for all of the Precambrian cratons (except Antarctica) to calculate the temperature distribution in the stable continental lithosphere. The modeling is based on the global compilation of heat flow data by Pollack et al. [1993] and more recent data. The depth distribution of heatproducing elements is estimated using regional models for ϳ300 blocks with sizes varying from 1Њ ϫ 1Њ to about 5Њ ϫ 5Њ in latitude and longitude and is constrained by laboratory, seismic and petrologic data and, where applicable, empirical heat flow/heat production relationships. Maps of the lateral temperature distribution at depths 50, 100, and 150 km are presented for all continents except Antarctica. The thermal thickness of the lithosphere is calculated assuming a conductive layer overlying the mantle with an adiabat of 1300ЊC. The Archean and early Proterozoic lithosphere is found to have two typical thicknesses, 200 -220 km and 300 -350 km. In general, thin (ϳ220 km) roots are found for Archean and early Proterozoic cratons in the Southern Hemisphere (South Africa, Western Australia, South America, and India) and thicker (Ͼ300 km) roots are found in the Northern Hemisphere (Baltic Shield, Siberian Platform, West Africa, and possibly the Canadian Shield). We find that the thickness of continental lithosphere generally decreases with age from Ͼ200 km beneath Archean cratons to intermediate values of 200 Ϯ 50 km in early Proterozoic lithosphere, to about 140 Ϯ 50 km in middle and late Proterozoic cratons. Using known crustal thickness, our calculated geotherms, and assuming that isostatic balance is achieved at the base of the lithosphere, we find that Archean and early Proterozoic mantle lithosphere is 1.5% less dense (chemically depleted) than the underlying asthenosphere, while middle and late Proterozoic subcrustal lithosphere should be depleted by ϳ0.6 -0.7%. Our results suggest three contrasting stages of lithosphere formation at the following ages: Ͼ2.5 Ga, 2.5-1.8 Ga, and Ͻ1.8 Ga. Ages of komatiites, greenstone belts, and giant dike swarms broadly define similar stages and apparently reflect secular changes in mantle temperature and, possibly, convection patterns.
Introduction
Seismic tomography shows that the continental lithosphere of many Archean (Ͼ2.5 Ga) shields commonly exceeds 200 -300 km, whereas the lithosphere of post-Archean (Ͻ2.5 Ga) crust is only 100 -200 km thick [e.g., Ritsema and van Heijst, 2000; van der Lee and Nolet, 1997; Ekström et al., 1997; Polet and Anderson, 1995; Grand, 1994; Zhang and Tanimoto, 1993] . For example, the correlation between the age of a craton and S wave velocities in the mantle lithosphere [Polet and Anderson, 1995] suggests that Archean and early Proterozoic cratons typically have lithospheric roots that are 240 -280 km thick, whereas the lithosphere beneath middle and late Proterozoic terraines is only ϳ150 km thick (for 1% V s anomaly; for 0.5% V s anomaly the lithosphere is ϳ60 km thicker). Jordan [1975 Jordan [ , 1979 Jordan [ , 1988 proposed the existence of a naturally buoyant tectosphere that may be 400 km thick beneath old cratons. In contrast, studies of pressure-temperature (P-T) relations for mantle xenoliths suggest only ϳ200 -220 km thickness for the Archean lithosphere in South Africa, eastern Siberia, the Baltic Shield, and North America [e.g., Boyd, 1984; Boyd et al., 1985; Mackenzie and Canil, 1997; Rudnick et al., 1998; Rudnick and Nyblade, 1999; Kopylova et al., 1999; Kukkonen and Peltonen, 1999] . In these studies it is assumed that the xenolith P-T data reflect equilibrium to a conductive geotherm, rather than having geotherms perturbed by kimberlite magmatism. Thus these studies provide a minimum estimate of lithospheric thickness in Archean shields.
In this study we estimate the thermal thickness of the Precambrian lithosphere and compare it to the lithospheric thickness as estimated from global and regional seismic tomography and from P-T data derived from lithospheric xenoliths. In accord with McNutt [1990] and Jaupart and Mareschal [1999] we assume that the thickness of the mechanical lithosphere is proportional to the thickness of the conductive thermal boundary layer z 1 (Figure 1 ) and define the base of the thermal lithosphere z 2 as the intersection of a geotherm with a mantle abiabat T m ϭ 1300ЊC. High-temperature dislocation relax-ation and partial melting decrease seismic velocities [Anderson and Sammis, 1970; Sato et al., 1989] . However, because lithospheric temperature changes gradually with depth, the base of the seismic lithosphere is diffuse, and global seismic tomography based on surface waves will generally show velocity anomalies to greater depth, down to the top of the convective mantle, z 3 , deeper than z 2 . Jaupart et al. [1998] discuss thermal conditions at the base of the continental lithosphere and calculate the depth difference between the conductive thermal boundary layer and the top of the convective mantle to be ϳ40 km.
We calculate the thermal thickness of the Precambrian continental lithosphere, considering it as a conductive layer overlying the convective adiabatic mantle. This study is facilitated by global databases for heat flow and crustal structure ]. The thermal state of the continental lithosphere has been addressed in numerous publications (Table 1) . Most of these were individual studies of South Africa, the Baltic Shield, the Indian Shield, Australia, and North America. There are relatively few publications on the thermal state of the lithosphere in China, South America, and Siberia. One important motivation for our study is the fact that problems arise in comparing the estimates of lithospheric thermal thickness published for different Precambrian regions since different values of heat production and thermal conductivity were assumed in these model calculations.
In this study we calculate the thermal state of the lithosphere for all Precambrian cratons (except Antarctica) using consistent assumptions for depth distributions of thermal parameters. This approach permits quantitative comparison of models of lithospheric geotherms and lithospheric thermal thickness, even if the calculated values contain systematic biases. Such a bias could arise, for example, if the true values of heat production or thermal conductivity in the lower crust or lithospheric mantle are different from those assumed here. The only previous global study of the thermal state of the continental lithosphere is more than 20 years old. It was based on a degree-12, spherical harmonic representation of global surface heat flow that provided a smoothed and generalized estimate of lithospheric thickness. The large number of new heat flow measurements now available make possible the approach taken in this paper.
We consider eight of the nine Precambrian cratons ( Figure  2 ): the East European (including Baltic and Ukranian Shields), Siberian, Indian, Australian, African, South American, North American, and Cathaysian (Asiatic) Cratons. No geothermal data are available for the Antarctic Craton. In some cases, the thermal regime of Phanerozoic regions adjacent to Precambrian cratons is shown on our maps as in East Africa. No geothermal modeling was carried out for these regions, and instead we used published geotherms based on petrologic estimates and nonsteady state geothermal calculations [e.g., Decker, 1995; Lachenbruch and Sass, 1977; Le Pichon et al., 1997; Mechie et al., 1994; Polyakov et al., 1988] .
Methodology and Estimation of Thermal Properties of Precambrian Crust and Lithosphere

Method
Most heat flow measurements in Archean and Proterozoic regions are located in areas that have not experienced a major tectonic event since the end of the Precambrian [Nyblade and Pollack, 1993] . Therefore, in these regions the thermal struc- [23] [24] [25] 38, 39, 49 25, 38, 39 Europe 2, 3, 5, 7, 8, 10, 34, 35, 42 2, 5, 6, 8, 34, 35, 42, 43 Siberia 19, 20 6, 20 North America 4, 9, 17, 18, 29, 30, 33, 36, 37, 44, 46 28, 29, 37 South America 26, 27 a Studies: 1, ; 2, Balling [1995] ; 3, Baumann and Rybach [1991] ; 4, Bodri and Jessop [1989] ; 5, Burianov et al. [1985] ; 6, Cermak [1982] ; 7, Cermak and Bodri [1986] ; 8, Cermak and Bodri [1995] ; 9, Cermak and Jessop [1971] ; 10, Cermak et al. [1989] ; 11, Chapman [1986] ; 12, Chapman and Pollack [1974] ; 13, Chapman and Pollack [1977]; 14, Cull and Conley [1983] ; 15, Cull et al. [1991] ; 16, Davies and Strebeck [1982] ; 17, Drury [1985] ; 18, 19, Duchkov and Sokolova [1995] ; 20, Duchkov et al. [1987]; 21, Ferguson et al. [1979]; 22, Griffin et al. [1987]; 23, Gupta [1993]; 24, Gupta et al. [1987]; 25, Gupta et al. [1991]; 26, Hamza [1982a 26, Hamza [ , 1982b 27, Hurter and Pollack [1996]; 28, Jaupart et al. [1998]; 29, Jaupart and Mareschal [1999]; 30, Jessop and Lewis [1978] ; 31, Jones [1992] ; 32, Jones 33, Judge [1978] ; 34, Kukkonen and Peltonen [1999] ; 35, Kutas et al. [1989]; 36, Mareschal [1991]; 37, Mareschal et al. [2000a]; 38, Negi et al. [1986] ; 39, Negi et al. [1987]; 40, Nicolaysen et al. [1981]; 41, O'Reilly and Griffin [1985]; 42, Pasquale et al. [1990]; 43, Pasquale et al. [1991]; 44, Pinet et al. [1991]; 45, Pollack and Chapman [1977]; 46, Russell and Kopylova [1999]; 47, Sass and Lachenbruch [1979]; 48, Sass et al. [1976] ; 49, Singh and Negi [1982] ; 50, Wang [1996] .
b Values given in Table 6 . Relationship between the thermal and seismic lithospheric thicknesses [after Jaupart and Mareschal, 1999] (with permission from Elsevier Science), where z 1 is thickness of the conductive thermal boundary layer where heat transport is achieved by conduction, z 2 is the base of the thermal lithosphere at the intersection of the conductive geotherm with the mantle abiabat T m , and z 3 is the total thickness over which temperature contrasts persist with the surrounding mantle, the base of the seismic lithosphere, and the top of the convecting mantle.
ture of the lithosphere can be approximated by the steady state solution of the thermal conductivity equation:
with boundary conditions at the surface given by
where Q 0 is the near-surface heat flow, T is temperature, k ϭ k( z) is thermal conductivity as a function of depth ( z), and A ϭ A( z) is the heat production as a function of depth. The solution of this boundary value problem permits the calculation of temperatures within the crust and lithospheric mantle. Such calculations are constrained primarily by surface heat flow measurements and the associated distribution of thermal parameters (thermal conductivity and heat production) within the crust and the lithospheric mantle. Data on near-surface heat flow are based on measurements of thermal gradient and conductivity in boreholes chosen in this study to avoid water circulation in permeable rocks higher in the crust. Data on crustal structure and composition are used to constrain the distribution of thermal parameters with depth, which is discussed in sections 2.3 and 2.4. For most of the Precambrian cratons the distribution of heat flow and crustal structure data are insufficient for twodimensional (2-D) modeling, and so 1-D estimates of the lithospheric thermal structure were made. This is a reasonable approximation, as differences between the results of 1-D and 2-D modeling mostly occur in the areas with strong contrasts in crustal thermal parameters over a short distance [Jaupart, 1983] . Temperature differences due to such contrasts usually do not exceed 50 -100ЊC at Moho depth, which is about the accuracy of the geothermal modeling.
Heat Flow Data
The heat flow data that are considered most reliable (as discussed below) were compiled and analyzed for the Precambrian cratons. Most of the geothermal data used in this study were derived from the global heat flow compilation of Pollack et al. [1990 Pollack et al. [ , 1993 . The total number of worldwide heat flow measurements in this database is close to 300 for Archean and ϳ1000 for Proterozoic crust [Nyblade and Pollack, 1993] . These data were supplemented by other heat flow data for the Siberian Platform (10 measurements from the Tunguska de- Figure 2 . Archean (Ar) and Proterozoic (ePt, early Proterozoic; m-lPt, middle to late Proterozoic) regions of the world (based on data compiled from Goodwin [1996] ) and adjacent tectonic structures of different ages considered in the present study. A, Atlantic Shield; G, Gawler Craton; Gr, Grenville Province; I, Indian Shield; KK, Kola-Karelian province; K, Kaapvaal Craton; MI, Mount Isa Orogen; P, Pilbara Block; PB, Parana Basin; SK, Sino-Korean Craton; T, Tanzanian Craton; THO, Trans-Hudson Orogen; U, Ukrainian Shield; V, Voronezh Massif; W, Wyoming Province; Ya, Yangtze Craton; Yi, Yilgarn; YR, Yenisey Ridge; Z, Zimbabwe Craton.
pression [Duchkov et al., 1987] ), Baltic Shield (54 new measurements in Sweden (Swedish Geothermal Resources Borehole Data Summary, unpublished, 1994)), Canadian Shield (new heat flow data for the Abitibi belt, the Grenville Province, and the Trans-Hudson Orogen [Drury and Taylor, 1987; Guillou et al., 1994; Guillou-Frottier et al., 1995 Mareschal et al., , 2000a Jaupart and Mareschal, 1999; J.-C. Mareschal, personal communication, 1998 ]), Brazil (about 50 new measurements in the Parana Basin [Hurter and Pollack, 1996] ), and Africa (12 heat flow measurements in Lesotho and four in the Tanzanian Craton [Jones, 1992; Nyblade, 1997] ). Heat flow data for India were updated with recent high-quality studies in the Indian Shield and especially in the Deccan Province S. Rao, personal communication, 1998 ]). Figure 3 shows a 10Њ ϫ 10Њ interpolation of the surface heat flow for the Precambrian; the sites of heat flow measurements are shown in Figure 4 .
Here we used only the most reliable heat flow values, applying criteria discussed by Pollack et al. [1993] and Cull [1982] . For example, heat flow data from shallow boreholes potentially affected by a groundwater circulation and data obtained by nonconventional methods (mostly from Brazil) were excluded from this study. Heat flow data for West Africa are sparse, but a recent reassessment of these data indicates that the measured values are reliable (J. Behrendt, personal communication, 2000) . All original heat flow data were analyzed, as far as possible, for potential regional perturbations (e.g., long-term temperature variations due to climatic changes, such as Pleistocene glaciations). Paleoclimatic corrections to surface heat flow data were made using standard procedures [Beck, 1977; Powell et al., 1988] , and in the northernmost areas these can be as large as 15-20 mW m Ϫ2 [e.g., Balling, 1995] . For each of the Precambrian cratons, surface heat flow data were analyzed separately for geologic provinces of different ages ( Figure 5 ). Crustal age was estimated from the summary of Goodwin [1996] . We assume that these ages of the crust give the minimum age of the subcrustal lithosphere. This assumption is supported by recent geochemical studies that suggest that the crust and mantle lithosphere are of about the same geologic age [Richardson et al., 1993; .
Each geologic province was subdivided into smaller blocks with similar heat flow values and crustal structure, yielding ϳ300 blocks, with sizes varying from 1Њ ϫ 1Њ to about 5Њ ϫ 5Њ. The average surface heat flow was calculated for each block; in some cases a few extreme heat flow values were excluded as these presumably were affected by nonconductive heat transfer such as groundwater circulation.
Thermal Conductivity
Seismic data from the global crustal database of the U.S. Geological Survey were used to define an upper, middle, and lower crust in order to constrain typical models of the depth distribution of thermal parameters for the heat flow provinces. In regions where the number of seismic profiles is insufficient, averaged seismic models of crustal structure based on the statistical analysis of crustal structure of regions with a similar tectonic setting and crustal age were used. Mooney et al. [1998] present a location map of the seismic profiles used.
Laboratory measurements of thermal conductivity on rock samples from upper crustal sedimentary and crystalline rocks [1990, 1993] database presented with a 10Њ ϫ 10Њ interpolation. We modeled only data from Precambrian regions assuming steady state thermal conditions. from the study regions were used to constrain the depth distributions of thermal conductivity. The temperature and pressure dependence of thermal conductivity was accounted for in the modeling. At crustal temperatures the conductivity of most rocks decreases with increasing temperature. For the upper crust the following relation [e.g., Cermak and Rybach, 1982] was used:
where k 0 is the thermal conductivity at 0ЊC and near-surface pressure conditions and c is a material constant (in the range 0 to 0.003ЊC Ϫ1 ), determined by experimental studies on rock samples. In the present study, c was assumed to be 0.001ЊC
Ϫ1
for the upper crust. The pressure effect, which is relatively small [Seipold, 1992] , was not accounted for separately, but following Balling [1995] , it was included in depth variations of conductivity due to composition and temperature. Variations of thermal conductivity with depth in the crust are much less significant than variations in heat production ( Table 2) .
We assumed that the thermal conductivity of the lower crust is constant (Table 2 ). Laboratory measurements confirm that at temperatures of 200 -600ЊC, which are typical for Precambrian lower crust, the thermal conductivity of rocks is almost constant and equal to 2.0 W m Ϫ1 K Ϫ1 [Seipold, 1992] . For lithospheric mantle we assume peridotitic composition and a constant conductivity of 4.0 W m Ϫ1 K Ϫ1 [Schatz and Simmons, 1972; Scharmeli, 1979] . We present a sensitivity analysis of our model assumptions in section 2.5.
Heat Production in the Crust
The depth distribution of radioactive heat production in the crust is critical for thermal modeling. No single technique for estimating the crustal depth distribution of radiogenic heat production A( z) has proven to be consistently accurate, so we use a combination of approaches (discussed below) that accords with present ideas on crustal radioactivity. The number of models for the depth distribution of radiogenic heat production used here is too numerous (more than 500) to describe each model in detail. We limit ourselves to a description of the general ideas that were used to constrain these models. A summary of the numerical values of the thermal properties of the crust and the upper mantle used is presented in Table 2 . An additional constraint is that the estimated mantle heat flow should not exceed the lowest measured surface heat flow in a region.
2.4.1. Experimental data. Laboratory measurements of heat production in sedimentary rocks and Precambrian basement rocks form the basis for models of heat production in the upper crust. The values of heat production assumed for the sedimentary cover are based on published measurements for the regions of interest. Values of A 0 (heat production for near-surface basement rocks) for each of ϳ300 crustal blocks considered here were based on average and, where possible, area-weighted values reported for the regions of study [e.g., Ashwal et al., 1987; Guillou-Frottier et al., 1995; Hamza, 1982b; Jones, 1987; Kremenetsky et al., 1989 ; [1993] has been supplemented by recently determined values from Russia, Canada, Sweden, Africa, Brazil, and India (see text). Kukkonen, 1989; Kutas et al., 1989; Rao et al., 1976; Rozen, 1992; Vernik et al., 1985] .
2.4.2. Heat flow/heat production for Precambrian cratons. Where heat flow/heat production data show a clear linear trend, we used the concept of "heat flow provinces" and the linear relationship within a heat flow province between mean surface heat flow Q 0 and heat production [e.g., Birch et al., 1968; Lachenbruch, 1970] :
where Q r is the "reduced" heat flow, A 0 is the heat production measured in near-surface rocks, and D is the characteristic depth over which most of the heat-producing elements (HPEs) are distributed. In some regions, where conductivity and crustal heat production are heterogeneous on a small scale, heat flow correlates poorly with heat production and the linear heat flow/heat production relationship is invalid [e.g., England et al., 1980; Jaupart, 1983; Jaupart and Mareschal, 1999; Mareschal et al., 2000a Mareschal et al., , 2000b . Nonetheless, reduced heat flow is Figure 5 . Surface heat flow versus crustal age. Shaded rectangles refer to different heat flow provinces, the horizontal size gives the range in age [Goodwin, 1996] , and the vertical size shows surface heat flow variations. Mean heat flow estimates from Nyblade and Pollack [1993] are shown, as are the best fitting curves for both surface and reduced heat flow. Pz, Paleozoic. roughly uniform in heat flow provinces of the same age [Jaupart, 1983] . As it is unlikely that reduced heat flow is affected by nonvertical heat conduction in all provinces, equation (3) will still yield reasonable estimates for average heat flow at midcrustal levels. Recent seismological studies [Durrheim and Mooney, 1994] suggest that the structure and composition of Archean crust may differ from that of middle and late Proterozoic crust. For this reason, heat flow/heat production data for Archean and early Proterozoic (1.7-3.5 Ga) and mid-late Proterozoic (0.6 -1.7 Ga) regions were considered separately. Table 3 and Figure 6 summarize the range of Q r and D for different Precambrian regions as estimated in this study and compiled from the literature. For the North American craton we use only estimates based on heat flow data corrected for paleoclimatic variations. These corrections range from 2 to 12 mW m Ϫ2 [Pinet et al., 1991; Guillou-Frottier et al., 1995] . Too few geothermal data are available for the Cathaysian Craton to permit an independent interpretation of heat flow/heat production relationships. For this craton we used the values of A 0 and D reported by Wang [1996] for five tectonic provinces in China.
An analysis of heat flow/heat production relationships for seven of the nine main Precambrian cratons (except the Cathaysian and Antarctica) suggests colder mantle beneath the Archean and early Proterozoic regions and a more shallow enrichment of HPEs in the crust. Variations of reduced heat flow with geologic age are shown in Figure 7 for each Precambrian craton. There is a well-pronounced trend indicating an increase of reduced heat flow (i.e., mainly mantle heat flow) with decreasing age, from 10 -30 mW m Ϫ2 in the Archean crust to 30 -45 mW m Ϫ2 in late Proterozoic crust. The only region that deviates from the general trend is southern Africa, which is topographically higher than other Precambrian terrains. Higher values of reduced heat flow in this region are likely to reflect higher values of mantle heat flow (possibly plumerelated [e.g., Lithgow-Bertelloni and Silver, 1998 ]), which can also produce the observed topography.
We found no systematic global variation of D values with age. However, within each craton the value of D usually in- (3)). Light shading corresponds to Archean and early Proterozoic cratons, and dark shading corresponds to middle and late Proterozoic cratons. We find that Archean and early Proterozoic cratons and the middle and late Proterozoic cratons have many characteristics in common, and thus we have grouped these cratons together, rather than dividing cratons at the ArcheanProterozoic boundary. creases with the age of individual terrains and can vary from 2-5 km in Archean cratons (Kaapvaal Craton, Western Australia, Superior Province) to ϳ15 km in some Proterozoic crust of Eurasia and North America. Thus the commonly cited value of D ϭ 10 km seems to be an underestimate for parts of the Precambrian of Europe, Siberia, and India, whereas it is often an overestimate for the Precambrian crust of South America, South Africa, and Australia.
Exponential decrease of heat production with depth.
In a global study such as this, simple and often-used modeling assumptions are needed even if some studies indicate that the real Earth is locally more complex [cf. Ketcham, 1996] . For this reason, we use the well-known assumption of an exponential decrease in heat production with depth [Lachenbruch, 1970] , A( z) ϭ A 0 exp (Ϫz/D) for the crystalline upper crust, with a variable thickness D as described in section 2.4.2 (Table 3) . A detailed discussion of the distribution of HPE within the crust of the Arizona Basin and Range Province based on measured values of heat production from exposures of the upper and middle crust is presented by Ketcham [1996] . He concludes that a model with an exponential A( z) decrease will underestimate heat production in the middle and lower crust in his study area. In recognition of this, we use an exponential decrease in heat production with depth only for the upper crust (see Table 2 ). This assumption, combined with average seismic models of crustal structure for each of about 300 blocks modeled, was used to constrain the vertical distribution of heat production for each of the blocks. Some exceptions were made from the exponential distribution of A( z) in the case of low-velocity zones in the crust that indicate a greater thickness of felsic, radiogenic-enriched rocks, but this did not significantly change the general pattern of decreasing radiogenic heat production with depth.
2.4.4. Correlation between seismic velocity and heat production. The selection of possible crustal rock types and their heat production values was based on crustal seismic information [Christensen and Mooney, 1995; Rudnick and Fountain, 1995] . We assumed that, in general, crustal layers with higher velocities have lower heat production (see Table 2 ) but did not use an empirical linear relationship between experimentally measured heat production and compressional velocity, as suggested by Rybach and Buntebarth [1984] . Some experimental results [e.g., Fountain, 1986; Kern and Siegesmund, 1989] imply that heat production may not be reliably predicted from seismic velocity.
2.4.5. Relation between surface and reduced heat flow. We evaluated the correlation between surface and reduced heat flow for regions of different geologic ages (Figure 8 ). For those regions where the linear heat flow/heat production relationship is valid (Table 3) , ϳ30% of the mean surface heat flow arises from near-surface radiogenic sources for the Precambrian crust. This is equivalent to saying that the reduced heat flow (Q r ) is ϳ70% of the total measured heat flow (Figure 8 ). This value was used to control our models of the total crustal radioactivity and thus the crustal contribution to the observed heat flow. However, in the individual crustal blocks the contribution of the crust to the surface heat flow values can have a wider variation from ϳ25% to 75%, as suggested by Morgan [1985] and this study. Our result for Precambrian crust differs from the suggestion of Pollack and Chapman [1977] that on average, 40% of surface heat flow arises from near-surface radiogenic sources. The results (Figure 8 ) also imply that on average, the contribution of the upper crustal layer to the surface heat flow is about 12 mW m Ϫ2 in Archean-early Proterozoic regions and 18 mW m Ϫ2 in mid-late Proterozoic terrains. Table 3 ). Solid lines, best linear fit to the data; dashed lines, Q 0 ϭ 0.60*Q . Shaded lines imply that the contribution of the upper crustal (D) layer to the surface heat flow is ϳ12 mW m Ϫ2 in Archean-early Proterozoic regions and 18 mW m Ϫ2 in mid-late Proterozoic regions. Figure 9 shows the contribution of the crustal heat flow to surface values, as calculated for each of the 300 modeled blocks. Low values of the total crustal heat flow (20 -35%) correspond to granulite terranes, whereas large values (65-80%) mainly characterize the regions of industrial radioactive deposits. Figure 10 illustrates the relationship between the surface, reduced, crustal, and mantle heat flow. Heat production in Precambrian crust typically contributes 38 -65% of the total measured heat flow, with the combined middle and lower crust contributing ϳ10 -25% and the upper crustal D layer contributing ϳ30 -40% of the total heat flow.
2.4.6. Exposed cross sections of Precambrian upper and middle crust. Measurements of heat production in exposed sections (upper 15-30 km; equivalent to 50 -75% of the total crustal thickness in these regions) of Precambrian basement were used as reference models of heat production in the upper middle ancient crust. These include the Vredefort structure in South Africa , the Wawa-Kapuskasing transect in the Central Superior Province [Ashwal et al., 1987] , the Pikwitonei structure in Canada , and the Lewisian terrain from Scotland [Weaver and Tarney, 1984] and southern Norway [Pinet and Jaupart, 1987] .
The contribution to surface heat flow from radioactivity in the middle and lower crust was modeled applying the same assumptions to all crustal blocks. In the middle crust (defined by seismic velocities, usually 6.5-7.0 km/s), heat production ranges from 0.2 to 0.4 W m Ϫ3 . In the lower crust (V p Ͼ 7.0 km s Ϫ1 ; Table 2 ) we use a heat production of 0.1 W m Ϫ3 . The higher heat production value determined for Precambrian granulite terrains (0.4 -0.5 W m Ϫ3 [Ashwal et al., 1987; Rudnick and Presper, 1990] ) was not assigned to the entire lower crust, as most granulite terrains represent crustal cross sections down to ϳ25-30 km only, particularly for Archean crustal sections. The Archean and early Proterozoic lower crust originating below 25-30 km is rarely uplifted and exposed for direct study. Moreover, models with high values of heat production throughout the entire lower crust (0.4 -0.5 W m Ϫ3 ) would predict almost zero mantle heat flow in the regions with low surface heat flow (e.g., the Anabar Shield, the KolaKarelian Province, the Canadian Shield). To avoid this problem, we used globally lower values of heat production in the lower crust (0.1 W m Ϫ3 versus 0.4 W m Ϫ3 ). This lower value is well within the range of possible heat production in the lowermost crust, which can vary from 0.06 to 0.4 W m Ϫ3 in mafic granulites [e.g., Pinet and Jaupart, 1987; Rudnick and Fountain, 1995] .
For a typical 13-to 16-km-thick Precambrian lower crust [Rudnick and Fountain, 1995] our lower values of radiogenic heat production result in estimates for mantle heat flow that are 4-5 mW m Ϫ2 higher than the models based on the 0.4 W m Ϫ3 value [e.g., Mareschal et al., 1999] . An increase in lower crustal heat production from 0.1 to 0.4 W m Ϫ3 will increase our estimates of lithospheric thermal thickness by 20 -70 km.
2.4.7.
Comparison with petrologic models of radiogenic heat production in the crust. The average values of the total heat production in Archean and post-Archean crust estimated in this study (Tables 4a and 4b ) were compared with published estimates derived from petrologic models for Precambrian crustal composition that are constrained mainly by crustal xenoliths [Gao et al., 1998; McLennan and Taylor, 1996; Taylor Figure 10 . Three crustal layers considered here and their relative contributions to surface heat flow. The radiogenic upper crustal layer is conventionally referred to as the D layer (see Figure 6 ). This layer contributes 29 -40% of the total heat flow (Q 0 ). The heat flow coming from below the D layer is the reduced heat flow (Q r ) and typically amounts to 60 -71% of the total heat flow. Whereas heat production in the entire Precambrian crust typically contributes 38 -65% of the total heat flow, the mantle heat flow (Q M ) amounts to 35-62% of the total. These estimates are for a typical Precambrian craton with heat flow in the range 40 -55 mW m Ϫ2 [Nyblade and Pollack, 1993] . Histogram of the percent of surface heat flow contributed by crustal heat production. The percent contribution for typical Precambrian crust is 40 -50%, and increases to 50 -60% for Phanerozoic crust. The crust in regions with industrial radioactive deposits contributes 65-80% to the surface heat flow, whereas regions dominated by granulites contribute Ͻ35%.
and McLennan, 1985; Rudnick and Fountain, 1995; Rudnick et al., 1998; Shaw et al., 1986; Weaver and Tarney, 1984] (Figure  11 ). The models of crustal radioactivity used in this study give somewhat lower values for the average crustal heat production in Archean regions (0. [Rudnick et al., 1998, and references therein; Rudnick and Nyblade, 1999] , similar to petrologic models that suggest 0.58 -1.31 W m Ϫ3 as average heat production in the "normal" crust [Rudnick et al., 1998 ]. The main uncertainty for all of these models is the value of heat production ascribed to the lower crust.
2.4.8. Heat production in the upper mantle. A recent study of the composition of the continental lithosphere based on heat flow and xenolith data [Rudnick et al., 1998] showed that the concentration of heat-producing elements in cratonic peridotites may not be representative of Archean mantle roots. Thus the choice of heat production values for cratonic lithospheric roots is somewhat arbitrary. In this study the value of heat production for lithospheric mantle was assumed to be 0.01 W m Ϫ3 everywhere, which is within the range of the median values of heat production calculated for lithospheric peridotites carried in alkali basalts in Proterozoic continental regions (0.013 W m
Ϫ3
) and massif peridotites from Phanerozoic fold belts (0.006 W m Ϫ3 [Rudnick et al., 1998 ]) and does not contradict other estimates of the mantle heat production (0 -0.03 W m
) [Rudnick and Nyblade, 1999] .
Sensitivity Analysis of Geothermal Modeling
The results of a sensitivity analysis of our geothermal modeling are presented in ), so that the total crustal contribution to the surface heat flow is 40 -50% (see Figure 9 ). Thermal parameters for this reference model were varied to determine the sensitivity of our results to these model parameters.
The sensitivity analysis shows that the geothermal modeling is relatively insensitive to variations of the crustal or mantle conductivity (Table 5) . For example, a reduction of the upper mantle conductivity from 4.0 to 3.3 W m Ϫ1 K Ϫ1 leads to a much smaller effect (2-8%) on the estimated geotherms than do variations in heat production in the crust. The sensitivity analysis shows that if the assumed heat production in the crust is increased by 20%, the calculated temperatures at 50 km and 100 km depths would be 9 -16% lower and the calculated thickness of the lithosphere (i.e., depth to the 1300ЊC isotherm) would be 15-30% greater. This makes intuitive sense: For a fixed surface heat flow, higher crustal heat production requires a lower mantle heat flux. We also consider the effects of uncertainties in measured heat flow values and find that for 5% greater surface heat flow the temperature at 50 and 100 km would be 7-9% higher, lithospheric thickness would be 10% less, and calculated mantle heat flow would be 2-3% higher.
Thermal State of Precambrian Lithosphere
Geotherms in Precambrian Cratons
The lithospheric temperature for Precambrian cratons and adjacent regions is displayed in map view for depths of 50, 100, and 150 km in Plates 1, 2, and 3, respectively. These maps are derived from the downward continuation of measured heat flow to obtain numerous geotherms, as described in section 2. Unlike previous studies (Table 1) , we used consistent model assumptions for all Precambrian cratons, which permits meaningful comparisons. Estimates of the thermal state of the lithosphere in tectonically active regions (such as the North Amer- ican Cordillera, the Andes, the East African Rift, Tibet, the Himalayas, the Baikal Rift Zone, the Carpathians, and the Caucasus) are not based on our steady state modeling but on petrologic and nonsteady state geothermal constraints available for these regions [e.g., Decker, 1995; Lachenbruch and Sass, 1977; Le Pichon et al., 1997; Mechie et al., 1994; Polyakov et al., 1988] . In accord with these studies, temperatures at 50 km depth were assumed to be in the range 900 -1100ЊC, and the lithosphere thermal thickness was assumed to be 60 -80 km.
Temperatures at 50 km depth (Plate 1) vary widely from ϳ300ЊC in cold Archean regions through ϳ600ЊC in middle and late Proterozoic blocks to Ͼ1000ЊC in tectonically active regions. Typical temperatures at the Moho were estimated to be 300 -500ЊC in Archean cratons (where the crust is usually ϳ30 -45 km thick but occasionally exceeds 45 km) and 500 -800ЊC in middle and late Proterozoic regions (where crustal thickness is typically 40 -55 km and averages ϳ45 km [Durrheim and Mooney, 1994] ). Temperatures at 50 km depth beneath Archean cratons (400 -600ЊC; Plate 1) are colder than beneath Proterozoic cratons, confirming a distinction between the deep thermal regime of Precambrian lithosphere of different ages Nyblade, 1999] .
Temperatures at depths of 100 and 150 km (Plates 2 and 3) are lowest beneath the Siberian Platform (including the Anabar Shield) and its margins (the Yenisey Ridge), the KolaKarelian province of the Baltic Shield, and West Africa. Low temperatures were also estimated for the Tanzanian craton, but the large interpolation step, used to constrain temperature maps, does not permit us to distinguish this cold lithospheric block in Plates 1-3. All of these domains are Archean [Goodwin, 1996] . On the whole, we found that the thermal regime of Figure 11 . Average range of estimated total crustal heat production in Archean (Ar) and Proterozoic (Pt) crust. Solid bars indicate range of model values used here. Shaded areas are estimates based on petrologic models derived from measurements on xenoliths [Gao et al., 1998; McLennan and Taylor, 1996; Taylor and McLennan, 1985; Rudnick and Fountain, 1995; Rudnick et al., 1998; Shaw et al., 1986; Weaver and Tarney, 1984] . [Ritzwoller and Levshin, 1998 ], and Africa . The thermal and seismic results are in particularly good agreement for Australia where data quality is very good. The agreement for West Africa is very encouraging in view of the fact that the heat flow data are sparse there. Both the seismic and thermal estimates indicate that the Sino-Korean Craton is underlain by warm mantle and lacks a lithospheric root. Figure 12 shows a cross section of isotherms across the North American lithosphere at 49ЊN latitude. In accord with the recent results of Mareschal et al. [2000a] , we find a similar temperature distribution beneath the Superior and Grenville Provinces and an estimated lithospheric thermal thickness of ϳ200 -220 km. However, a comparison of Grenville geotherms with geotherms estimated for other mid-late Proterozoic regions of the world suggests that the Grenville Province is nonrepresentative of crust of this age. Moho temperatures can change significantly over short distances (e.g., from 700ЊC to ϳ350ЊC at the western edge of the Superior Province, Figure  12 ), mainly reflecting variations in the crustal thickness and composition. The horizontal temperature gradient at the margins of the Precambrian cratons at a depth of ϳ150 -200 km is usually only ϳ1-2ЊC km Ϫ1 . In some active regions it may be an order of magnitude higher and produce the thermomechanical stresses that could result in rifting (e.g., Baikal Rift).
Sublithospheric Mantle Heat Flow
The estimated values of heat flow at the base of the lithosphere (Q m ) are shown in Plate 4. We note that in contrast to some previous studies, we used a low value for lower crustal radiogenic heat production (0.1 W m Ϫ3 versus 0.4 W m
Ϫ3
). For this reason, our estimates of sublithospheric mantle heat flow are ϳ4-5 mW m Ϫ2 higher than estimated by others [e.g., Mareschal et al., 2000b; Jaupart and Mareschal, 1999] .
We found that sublithospheric mantle heat flow beneath Precambrian cratons, calculated here, varies from 10 to 35 mW m Recent studies based on xenolith thermobarometry [Rudnick and Nyblade, 1999] suggest that the best estimated values of the heat flow at the base of the lithosphere in the Kaapvaal craton are 14 -19 mW m Ϫ2 , which coincide with the range of values determined in this study. Xenolith data [Rudnick and Nyblade, 1999] indicate that mantle heat flow values should be similar beneath the Kaapvaal and Superior Province of the Canadian Shield. This is in accord with our results (18 -19 mW m Ϫ2 for both regions) but differs from those of Jaupart and Mareschal [1999] , who find a 4 mW m Ϫ2 difference between these two regions, the Canadian Shield having the lower value.
Sublithospheric mantle heat flow beneath mid-late Proterozoic blocks is typically ϳ25-35 mW m
Ϫ2 . An exception is the Grenville Province, where Q m values are similar to the adjacent Archean Superior Province (ϳ18 mW m Ϫ2 ). One explanation may be the fact that the western portion of the Grenville Province is thrust over the lithosphere of the Archean Superior Province [Ludden, 1995; Clowes et al., 1998 ], and thus the deep thermal regime of the Grenville Province would be similar to the Superior Province. Taking into account the model differences in radiogenic heat production of the lower crust, our mantle heat flow estimates for the Superior and Grenville Provinces are in close agreement with the recent results of Mareschal et al. [2000a] . 
Plate 2.
Estimated temperatures at 100 km depth (10Њ ϫ 10Њ kriging interpolation). The range in temperature is at least 600ЊC (from 700ЊC to 1300ЊC) and may be 800ЊC if the minimum temperature of 500ЊC is accurate.
Lithospheric Thermal Thickness
3.3.1. Maps of thickness of the thermal lithosphere. The thickness of the thermal lithosphere, here defined as a conductive layer above a mantle adiabat of 1300ЊC, was calculated for all of the Precambrian cratons (Plate 5). However, as mantle convection depends on viscosity, which is itself temperaturedependent, the base of the thermal lithosphere is sometimes defined as 0.85 times the solidus temperature (i.e., 1100ЊC for a mantle solidus of 1300ЊC), where solid-state creep and associated convective heat transfer are expected to dominate over conduction [e.g., Pollack and Chapman, 1977] . Table 6 summarizes the lithosphere's thermal thickness for different Precambrian cratons as estimated in previous studies and this study, for different assumptions for temperatures at the base of the lithosphere. We also compare the results of this study with the only previous global map of lithospheric thermal thickness , which was calculated from degree-12, spherical harmonic representation of global surface heat flow (Table 6 ). Pollack and Chapman [1977] use the 1130ЊC isotherm to define the bottom of their thermal lithosphere and find thicknesses Ͼ300 km beneath cratonic North America, South America, West Africa, East Siberia, and Western Australia. They report a value of 150 -200 km for eastern China and 100 -120 km for the Baltic Shield, India, and southern Africa.
We find a typical thermal thickness of Archean lithosphere to be ϳ200 -220 km (most of the East European Platform, South Africa, Western Australia, southern India, the Canadian Shield). However, the thermal thickness of some of the Archean cratons is estimated to be significantly greater than 200 km. The highest values of lithospheric thickness (ϳ300 km and locally even 350 km) were estimated for the West African Craton, the Archean blocks of the Siberian Platform (the Anabar Shield and the Yenisey Ridge), and the Kola-Karelian province of the Baltic Shield. In all of these regions, very low surface heat flows were measured (Ͻ30 mW m Ϫ2 and in some cases as low as 18 -25 mW m Ϫ2 ). It is important that for the Siberian Craton (where the surface heat flow does not exceed 25 mW m Ϫ2 over a large area) our assumed values of the average crustal heat production are much less than usually accepted for the Precambrian crust (Figure 9 ). Thus our results give a conservative (i.e., lower) estimate of lithospheric thermal thickness for this craton. Heat flow data from West Africa appear to be reliable (J. Behrendt, personal communication, 2000) but are sparse, so thermal modeling there is much less well constrained than for other cratons. However, as noted above, seismic tomography also indicates thick lithosphere in West Africa (Table 6 ).
The thinnest Archean lithosphere occurs in South America (170 -200 km in the Belo-Horizonte province of the Saõ Francisco Craton in Brazil). However, only small fragments of Archean crust (surrounded by pericratonic mid-Proterozoic mobile belts) have survived in the Saõ Francisco craton, and no heat flow data are available for the adjacent Archean Amazonian and Patagonian cratons. Relatively low values of lithosphere thermal thickness were estimated as well for the SinoKorean and Yangtze blocks of the Cathaysian Craton, which has been tectonically reworked from the Proterozoic to the present [Menzies et al., 1993] . The wide range of lithospheric thermal thicknesses for Archean regions (from 160 to 350 km), which is not observed for regions of any other age, is supported by global seismic tomography studies that show the base of the high-velocity zone (also referred to as the mantle lid or tectosphere) can vary from 100 to 400 km [Zhang and Tanimoto, 1993; Grand, 1994; Ekström et al., 1997; Polet and Anderson, 1995] .
Compared to Archean lithosphere, the thickness of middle and late Proterozoic lithosphere appears to be more uniform. The calculated thickness ranges from 110 -130 km (the SinoKorean Craton, northern Australia, and the mobile belts around the Kaapvaal and Zimbabwe Cratons) to 150 -170 km in mid-Proterozoic blocks of the Baltic and Indian Shields and in Western Australia. Exceptionally thick (Ն200 km) Proterozoic lithosphere, similar to that of typical Archean lithosphere, was found only for the Grenville Province and the TransHudson Orogen of the Canadian Shield.
3.3.2. Lithospheric thermal thickness versus age. Figure  13 shows variations of lithospheric thermal thickness with age. We plotted all 300 estimates of lithospheric thermal thickness as rectangles, where the horizontal size gives the range in age [Goodwin, 1996] , and the vertical size indicates the scatter in estimated lithospheric thickness which results from variations in crustal structure and hence deep thermal properties. The values of the lithosphere thickness were not calculated for Mesozoic and Cenozoic regions; instead, estimates from other studies were used.
The results of thermal modeling show a clear global trend in a progressive thinning of the continental lithosphere with age from 250 Ϯ 70 km in the Archean lithosphere to 200 Ϯ 50 km in early Proterozoic and to ϳ140 Ϯ 40 km in mid-late Proterozoic lithosphere (Figure 13 ). Even regions with a somewhat atypical lithospheric thickness (like the Grenville Province) fit Figure 13 . Lithospheric thermal thickness versus geologic age and three stages of formation of the continental lithosphere. The three stages are numbered I through III. Stage I, in the Archean, is divided into two parts, corresponding to the creation of thick lithosphere (Ͼ300 km, Ia) and thinner lithosphere (ϳ210 km, Ib) as discussed in the text. Shaded area shows the results of the present geothermal modeling (Plate 5 and Table 6 ). Ar, Archean; ePt, mPt, lPt, early, middle, and late Proterozoic, respectively; Pz, Paleozoic; Mz-Cz, MesoCenozoic. the global trend. However, it is important to note the large scatter in lithospheric thickness (ϳ100 km) for all ages.
It is evident that there are two typical thicknesses of the Archean lithosphere, one ϳ200 -220 km ( Figure 13 , stage Ib) and the other ϳ350 km (Figure 13 , stage Ia). This result is supported by mantle convection models that suggest the existence of two equilibrium thicknesses of the thermal boundary layer above the convecting mantle: 220 and 350 km [Doin et al., 1997] . Isostasy requires that cold, thick lithosphere be chemically depleted [Jordon, 1975; Boyd, 1989] . Numerical studies indicate that such thick (ϳ350 km) depleted roots can be preserved through geologic time because small-scale mantle convection will primarily affect their horizontal, not vertical, dimension [Doin et al., 1997] .
The first group of Archean cratons with relatively thin lithospheric roots includes South Africa, Western Australia, the Indian Shield, Cathaysian Craton, and the Saõ Francisco Craton in South America. It is possible that the Congo and Antarctic Cratons, which were adjacent to the above cratons during the existence of the ancient supercontinents (e.g., Rodinia or older), belong to this group as well. The second group of cratons with lithospheric roots exceeding 300 km includes the Siberian Platform, West Africa, and the Baltic Shield. A lack of heat flow data does not permit us to draw any conclusions for some portions of the central and especially northern Canadian Shield (Figure 4) , nor for the Amazon Craton, where heat flow data are entirely absent. However, seismic tomography data [e.g., Polet and Anderson, 1995] provide strong evidence that the Canadian Shield belongs to the group of Archean cratons with thick lithospheric roots. A recent comparative study of Precambrian South Africa and the Canadian Shield also supports the idea that these two regions have different deep thermal regimes.
We note that on the basis of lithospheric thickness a subdivision of the Archean-early Proterozoic cratons into two groups seems to have a geographical pattern: cratons in the Southern Hemisphere all have thin lithosphere, whereas cratons in the Northern Hemisphere all have thick lithosphere roots. Such a geographical distribution of lithospheric thickness may reflect the paleogeography of Archean supercontinents or of superplumes that eroded the lithospheric roots in the present-day Southern Hemisphere.
3.3.3. Comparison with other data. The estimates of the lithosphere thermal thickness were compared with geotherms derived from xenolith pressure (P)/temperature (T) data [e.g., Boyd et al., 1985; Boyd and Gurney, 1986; O'Reilly and Griffin, 1985; Griffin et al., 1987; Mackenzie and Canil, 1997; Pokhilenko et al., 1993; Rudnick and Nyblade, 1999; Kukkonen and Peltonen, 1999; Kopylova et al., 1999] . Though we believe that geotherms calculated from P-T data from mantle xenoliths may reflect anomalous, high-temperature geotherms associated with kimberlite volcanism but not the steady state thermal regime of cratonic lithosphere as usually assumed Rudnick et al., 1998; Rudnick and Nyblade, 1999; Russell and Kopylova, 1999] , we compare our results with those derived from the study of xenoliths because such studies provide one of the few independent estimates of lithospheric thermal structure. Good agreement is found for the Kaapvaal Craton and the Proterozoic mobile belts in South Africa, the Baltic Shield, and the Paleozoic terranes of eastern Australia (Table 6) . A comparison of xenolith data from the Canadian Shield with geothermal estimates is not possible with the available heat flow measurements from the interior parts of the shield. However, recent xenolith studies for the Slave Province of the Canadian Shield suggest that the lithosphere there was 180 -220 km thick at the time of the eruption of these xenoliths. Similar estimates of lithospheric thermal thickness were obtained for the Slave Province in the present study (Plate 5), though only two heat flow measurements exist for this area.
A large discrepancy between the estimates of lithospheric thermal thickness based on geothermal modeling and xenolith P-T data was found for the oldest parts of the Siberian Platform (Table 6 ). The geothermal models are based on heat flow data from high-quality boreholes where the typical depth is Ͼ2 km. We note that the maximum depth for lithospheric kimberlite magmatism rarely exceeds 180 -220 km. Therefore xenolith P-T data may not reflect ambient P-T conditions beneath the Archean cratons but rather nonconductive paleogeotherms reflecting the time of kimberlite eruption. Thus these data may give a lower limit on the thickness of the Archean lithosphere (Figure 14a) .
Data on the lithospheric thermal thickness were compared with recent global seismic tomography results [Zhang and Tanimoto, 1993; Grand, 1994; Polet and Anderson, 1995; Ekström et al., 1997] (Figure 14b ). A comparison with some studies is given in Table 6 , where the base of the seismic lithosphere corresponds to the depth where the S wave velocity anomaly decreases to less than ϩ0.5%. This comparison supports our finding of thick lithospheric keels (300 km and more) and more beneath the West African and Siberian Cratons and parts of the Baltic Shield. However, the estimates from seismic tomography also indicate thick lithosphere beneath the Kaapvaal Craton and Canadian Shield, a finding not duplicated in our geothermal modeling. However (Figure 4) , there is a lack of heat flow data for the core of the Canadian Shield. Seismic data indicate one of the thickest lithospheric roots beneath the Baltic Shield (Table 6 ). The source of the discrepancy between the geothermal and tomographic results for the Baltic Shield is not clear. Good agreement exists between the geothermal and seismic results for the Western Australian, South American, South African (Kaapvaal), and Cathaysian cratons (Table 6) , where both methods show lithospheric roots with a thickness of 150 -250 km.
Discussion
Analysis of Heat Production Data
The relationship between heat flow and heat production for Archean and Proterozoic cratons reveals that the radiogenic layer in Archean crust is, on average, much thinner than that of Proterozoic crust. We infer that Archean crust and the postArchean crust differ in composition. This finding is supported by petrologic studies [Rudnick et al., 1998 ] that show a concentration of heat-producing elements ϳ3 times higher in xenoliths from Archean than from post-Archean cratons, implying a different composition of the mantle beneath them. The occurrence of diamonds with ages Ͼ2.5 Ga indicate that the lithospheric mantle beneath Archean crust is also Archean in age [Richardson et al., 1993] . That the crust and mantle beneath Archean cratons are different in composition from that beneath Proterozoic cratons is supported by geochemical studies [Taylor and McLennan, 1985; Boyd, 1989; Martin, 1993 Martin, , 1994 Pearson et al., 1995] .
Variations in the depth distribution of radiogenic sources in the crust (as measured by the parameter D in equation (3) with age show a different pattern for the cratons of the Northern and Southern Hemispheres. 
Density of Lithospheric Roots
Presumably, the Archean lithosphere is in isostatic equilibrium, so different compositions of Northern and Southern Hemisphere cratons may compensate for differences in lithospheric roots, with the cratons in the Northern Hemisphere having a lower mean lithospheric density. Using the temperatures at the base of the crust and typical lithosphere thicknesses from this study, we now estimate the density contrast between the asthenosphere and the lithospheric mantle for northern and southern Archean lithosphere. The calculations follow the approach of Lachenbruch and Morgan [1990] and are based on the assumption that isostatic balance is achieved locally at the base of the lithosphere. In this method, the observed elevation is maintained by crustal and mantle lithospheric contributions to buoyancy. Crustal buoyancy is the product of crustal thickness and average crustal density. Mantle lithospheric buoyancy is the product of mantle lithospheric thickness (calculated in this study, Plate 5) and average lithospheric density corrected for thermal expansion using our calculated geotherms. Elevation, crustal density, and crustal thickness are based on CRUST 5.1 ]. Once all these parameters are determined, the remaining free parameter is mantle lithospheric density, which in turn depends on the degree of chemical depletion of the lithosphere.
Our isostatic calculations suggest that all Archean cratons (i.e., in both the Northern and Southern Hemispheres) have a composition that is 1.5% less dense (depleted) than the underlying asthenosphere. This result agrees with estimates derived from xenoliths [Boyd and McCallister, 1976; Boyd, 1989; Hawkesworth et al., 1990] and from theoretical considerations [O'Hara, 1975; Jordan, 1979 Jordan, , 1988 Ballard and Pollack, 1988] . The equality of lithospheric depletion estimated for all Archean and early Proterozoic cratons is a consequence of systematic variations in crustal thickness of the Northern and Southern Hemisphere cratons (36 -62 km, with an average of 45 km, and 30 -43 km, with an average of 35 km, respectively). Isostatic calculations show that small (5-6 km) variations in crustal thickness may compensate for variations of up to 150 km in the thickness of lithospheric roots.
The equality of the estimated depletion for the lithospheric roots of Archean and early Proterozoic cratons of both Northern and Southern Hemispheres suggests that they formed under similar conditions. However, the systematic difference in the crustal and lithospheric thicknesses between the Archean/ early Proterozoic cratons of Northern and Southern Hemispheres suggests either two different mechanisms of their for- 
Plate 5.
Map of lithospheric thermal thickness, which is assumed to be the depth of the 1300ЊC adiabat (10Њ ϫ 10Њ kriging interpolation). The Precambrian lithosphere ranges in thickness from 140 to 350 km, with the thickest lithosphere beneath West Africa, the Baltic Shield, and Siberia. These results are sorted by crustal age in Figure 13 and are compared with independent estimates based on studies of mantle xenoliths and seismic tomography in Figure 14 . Thick lithosphere (Ͼ300 km) is found only in the Northern Hemisphere (see text for discussion). mation or distinct tectonic histories for northern versus southern cratons. We next consider the amount of depletion for middle and late Proterozoic lithosphere, again using the approach of Lachenbruch and Morgan [1990] . The difference in crustal thickness between northern and southern cratons disappears for crust younger than ϳ2.0 Ga. Using our estimates of the thermal thickness of middle and late Proterozoic lithosphere, buoyancy requires that the subcrustal lithosphere should be depleted by ϳ0.6 -0.7% relative to the asthenosphere.
Buoyancy can be achieved by chemical depletion due to the extraction of basaltic constituents [Jordan, 1979] or by any magmatic process that will make the mantle composition richer in magnesium than iron [e.g., Pollack, 1986] . Indeed, an increased Mg/(Mg ϩ Fe) ratio in the lithospheric mantle beneath all Archean cratons is supported by peridotite xenolith data. In particular, xenolith data give exactly the same Mg/ (Mg ϩ Fe) ratio for xenoliths from the Kaapvaal and Siberian Cratons [Boyd, 1989; Boyd et al., 1993] , which agrees with our conclusion that the lithospheric mantle of these cratons have equivalent amounts of chemical depletion.
Three Stages of Formation of Precambrian Continental Lithosphere
The evolution of continental lithosphere since 4.0 Ga is much debated, with many hypotheses developed from the consequences of a mantle cooling rate estimated between ϳ50ЊC/ Gyr [Abbott et al., 1994] and ϳ85ЊC/Gyr [De Smet et al., 2000] . Comprehensive reviews of these hypotheses are provided by Condie [1997 Condie [ , 1998 Condie [ , 2000 , Davies [1999] , and De Smet et al. [2000] . The results presented in Figure 13 allow us to postulate three major stages in the formation of Precambrian continental lithosphere. We assume that the crust and its underlying mantle lithosphere formed at essentially the same time (within 50 to 100 Myr ).
1. The first stage occurred in the period 4.0 -2.5 Ga, with a pronounced peak in lithospheric formation at 2.7 Ga [Condie, 1997 [Condie, , 1998 ]. We hypothesize that two types of lithosphere were formed during this early stage, characterized by different crustal structure and lithospheric thickness but similar composition (density) of the lithospheric mantle. We speculate that the two types of lithosphere were formed by different processes, one involving lithospheric formation above a hightemperature plume and yielding at least 350-km-thick lithosphere, the other involving lithospheric formation by tectonic stacking of relatively buoyant (compared with present-day) oceanic lithospheric plates subducted at a shallow angle and yielding ϳ220-km-thick lithosphere.
2. The early Proterozoic (ϳ2.5-1.8 Ga) was a transitional regime: Because of a gradual decrease in mantle temperature the process leading to the formation of a thick lithosphere (Ͼ300 km) no longer operated, but the formation of litho- Figure 14a , the shaded area indicates lithospheric thickness as estimated from the present geothermal modeling (Plate 5 and Table 6 ). Shaded boxes indicate xenolith data; the horizontal size reflects age variations as given by Goodwin [1996] ; the vertical size reflects variations and/or errors in depth estimates. Xenolith data are for South Africa from Boyd et al. [1985] , Boyd and Gurney [1986] , and Ryan et al. [1996] ; for the Canadian Shield from MacKenzie and Canil [1997] , Rudnick et al. [1998] , Schmidberger and Francis [1999] , Kjarsgaard and Peterson [1992] , and Kopylova et al. [1999] ; for the Siberian Craton from Boyd et al. [1985 Boyd et al. [ , 1995 , Boyd [1994] , Griffin et al. [1993 Griffin et al. [ , 1996 , Pokhilenko et al. [1993] , and Ryan et al. [1996] ; for eastern Australia from Griffin et al. [1987] and O'Reilly and Griffin [1985] ; and for the Baltic Shield from Kukkonen and Peltonen [1999] . In Figure 14b , the shaded area indicates lithospheric thickness as estimated from the present geothermal modeling (Plate 5 and Table 6 ). Diamonds and lines are seismic tomography data from Grand [1994] and Zhang and Tanimoto [1993] (assuming the base of the lithosphere at the depth where the V S anomaly decreases below ϩ0.5%). The horizontal length of error bars reflects age variations as given by Goodwin [1996] , and the vertical length reflects the span given by Grand [1994] and Zhang and Tanimoto [1993] . Am, Amazonian Craton; Au, Western Australian Craton; B, Baltic Shield; C, Canadian Shield; Ch, Cathaysian Craton; S, Siberian Craton; SA, South African Craton; WA, West African Craton.
sphere of intermediate thickness (160 -240 km) by subduction of relatively buoyant oceanic plates continued until ϳ1.8 Ga.
3. Lithosphere younger than ϳ1.8 Ga never formed with a thickness in excess of 170 -180 km. The fact that diamonds are rare in middle and late Proterozoic lithosphere [Richardson et al., 1993] provides evidence that the thermal lithosphere (defined here as the depth to the 1300ЊC adiabat) never exceeded 170 -180 km, the depth required for the diamond stability field at T ϳ 1300ЊC [Kennedy and Kennedy, 1976] . Because of the cooling of the Earth, high-temperature melting conditions, with as much as 30% mantle melt at depths of 400 -600 km [Arndt, 1994] ceased by the end of Archean time.
These three stages of lithospheric formation, distinguished by geothermal modeling, correlate with geologic data. The transition from the first to the second stage at ϳ2.5 Ga approximately corresponds to the end of the extraction of komatiites from the mantle, most of which are older than 2.5 Ga [Arndt, 1994] . Komatiite extraction was followed by a steady decrease of mantle temperatures [e.g., Vlaar et al., 1994] and a secular decrease in depth of melting in mantle plumes [Herzberg, 1995] . This temperature decrease as well as change in mantle composition after komatiite extraction may have contributed to the formation of Proterozoic lithospheric roots that are chemically different from Archean roots.
The restricted time intervals for the ages of banded iron formations, greenstone belts, large igneous provinces, and giant dike swarms [e.g., Condie, 1997 Condie, , 1998 Yale and Carpenter, 1998; Nelson, 1998 ] suggest that many processes evolve with time and presumably are associated with changes in mantle convection due to cooling of the Earth. For example, from the distribution of crustal ages, Condie [1995] distinguished three stages of mantle convection, Ͼ2.8 Ga, 2.8 -1.3 Ga, and Ͻ1.3 Ga, and Condie [1997, p. 177] suggests that "from the early Proterozoic onwards, ⅐ ⅐ ⅐ crustal and mantle processes would operate much like they do today."
Conclusions
1. The steady state thermal conductivity equation was used to estimate temperature distribution and thermal thickness of Precambrian lithosphere. The heat flow data from the global compilation by Pollack et al. [1993] , augmented by more recent data, provided much of the basis for modeling. The same geothermal constraints were used for all of the Precambrian cratons to permit quantitative comparison of the results. About 500 models of the depth distribution of heat-producing elements (HPEs), used to calculate continental geotherms, were based on laboratory studies of heat production in near-surface rocks, data on seismic velocities in the crust, direct HPE measurements in exposed Precambrian crust, and petrologic constraints on the total crustal heat production.
2. The depth distribution of HPEs was considered as well in the framework of the heat flow provinces. The parameters D (characteristic depth of crustal heat-producing elements) and Q r (reduced heat flow) were estimated separately for geologic provinces of different tectonothermal age. This analysis revealed that the depth distribution of HPEs differs in Archean and Proterozoic crust. The reduced mantle heat flow shows a secular increase from Archean to late Proterozoic.
The relationship of surface to reduced heat flow proposed by Pollack and Chapman [1977] was evaluated separately for Archean/early Proterozoic and middle/late Proterozoic crust. We found that no more than 30% of the observed heat flow in Archean/early Proterozoic regions can be attributed to upper crustal radioactivity, and the typical contribution of the upper crustal D layer into the surface heat flow is ϳ12 mW m Ϫ2 for Archean/early Proterozoic crust and 18 mW m Ϫ2 for middle/ late Proterozoic crust.
3. We estimated the temperature distribution in Precambrian lithosphere and produced maps for temperatures at depths of 50, 100, and 150 km. The thermal states of Archean/ early Proterozoic and middle/late Proterozoic cratons differ. On average, their respective lithospheric temperature distribution is close to the geotherms estimated by Pollack and Chapman [1977] for surface heat flow of 40 and 55 mW m Ϫ2 , respectively. The estimated temperatures at the base of the Archean/early Proterozoic and middle/late Proterozoic crust are 300 -500ЊC and 500 -800ЊC, respectively. 7. Buoyancy estimates show that the same degree of lithospheric mantle depletion (1.5%) is required for all Archean/ early Proterozoic cratons. Isostatic balance of the lithosphere is achieved by thermal effects and variations in crustal thickness: the thicker lithosphere of the Northern Hemisphere has an average crustal thickness of ϳ45 km, whereas the thinner lithosphere of the Southern Hemisphere has an average crustal thickness of ϳ35 km.
8. Analysis of the age dependence of the lithospheric thermal thickness allows us to hypothesize three stages in the formation of the continental lithosphere: Ͼ2.5 Ga, 2.5-1.8 Ga, and Ͻ1.8 Ga. We relate these three stages to a gradual decrease in mantle temperature that was accompanied by changes in mantle convection patterns [Condie, 1998; Davies, 1999; De Smet et al., 2000] . Support for this hypothesis can be found in restricted ages of greenstone belts, komatiites, banded iron formations, and giant dike swarms. (The results are available from the authors at http://www.geofys.uu.se/ ϳiartem.) Pollack, S. J. Hurter, and J. R. Johnson for compiling the heat flow data used here. This study was supported in part by the USGS Earthquake Hazards Reduction Program and the U.S. Department of Energy Program NN-20. I.M.A. gratefully acknowledges partial support from De Beers Consolidated Mines in 1997-1998. 
